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HISTORY RECORD 

 
FAA Control #  96-01-166 

 
SUBJECT:   Determining Descent Point of Flyby Waypoints (Originally Submitted as 

Definition of “On Course” – title changed at ACF 97-01) 
 
BACKGROUND/DISCUSSION:  A question that has long puzzled pilots is the question 
under IFR Rules of what constitutes being "on course".  This question is particularly 
important for a number of reasons including obstacle protection when turning on course and 
particularly when deciding when it is proper to begin descent where terrain protection is to 
be provided by maintaining the published course.  A recent airline accident was caused in 
large part by the airplane descending when the aircraft had unintentionally strayed from the 
published arrival route on which obstacle protection was based upon maintaining course.  
So what is considered to be "on course"?  Is it when the needle on the CDI is not fully 
deflected? Is it when the CDI needle is half deflected so there is potentially some additional 
level of conservatism?  Should it be based on a figure shown on a cross track `indicator? 
 
RECOMMENDATION:  Establish the definition for "on course" to be an understandable 
definition which also shows the pilot the edge of obstacle containment. 
 
COMMENTS:  This recommendation affects the Pilot Controller Glossary and FAA Order 
8260.3B. 

Submitted by Captain Tom Young, Chairman 
ALPA Charting and Instrument Procedures Committee 
AIR LINE PILOTS ASSOCIATION 
PH: 703-689-4205 
FAX: 703-689-4370 
April 12, 1996 

             
 
INITIAL DISCUSSION (Meeting 96-01 ):  Wally Roberts, ALPA, presented the issue stating 
that the current definitions in the pilot/controller glossary were inadequate.  Paul Best, AFS-
420, stated that Flight Standards had studied this issue in the past to no definitive 
conclusion.  He recommended that the ALPA group conduct a study and present a 
recommendation at the next meeting.  ALPA accepted.  ACTION: ALPA. 
             
 
MEETING 96-02:  Wally Roberts, ALPA, led the discussion noting that the current definition 
of “on course” does not support GPS navigation.  Don Pate, AFS-450, noted that further 
discussion of the issue must include resolution of changing sensitivities and the capabilities 
of receivers to put the pilot on course.  RTCA is also addressing the issue as to how it 
relates to descent points using GPS/FMS systems.  A telcon will be held to discuss this at a 
later date - interested parties are: ALPA, APA, Jeppesen and AFS-420/440/450.  AFS-450 
will take the lead in establishing the telcon.  ACTION: AFS-450. 
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MEETING 97-01:  Don Pate, AFS-450, briefed that a telcon was held on March 14 to 
discuss this issue.  Representatives of AFS-440, AFS-450 and ALPA participated.  The 
discussion transcended to “when may descent begin on flyby waypoints”.  ALPA took an 
IOU to prepare a paper on defining “on course” for ACF 97-1; however, it was not 
presented.  This issue will be a subject of discussion at a scheduled meeting between ALPA 
and AFS-440/450 on April 25.  It was agreed to change the issue title to Read: “Determining 
Descent Point on Flyby Waypoints”.  It was suggested that AFS-410 be a part of the 
solution.  AFS-450 will continue working the issue and report results of the  April 25 meeting 
at the next ACF. ACTION: AFS-450. 
             
 
MEETING 97-02:  The discussion on “when may descent begin on flyby waypoints” 
continued.  Jim Terpstra, Jeppesen, explained Canada’s desire to establish a flyover fix on 
the approach course inside the IF.  He also recommended that Canada be invited to attend 
ACF meetings.  ALPA took an IOU to prepare a paper defining “on course” at meeting 97-
01; however, it was not presented.  AFS-450, took an IOU to report progress on the issue at 
meeting 97-01; however, no report was given.  Wally Roberts, ALPA, agreed to send 
Howard Swancy, Afs-420, a copy of the ALPA “on course” paper.  ACTION:  ALPA and 
AFS-450.   
             
 
MEETING 98-01:  Jack Corman, AFS-420, briefed that work is not complete on this issue.  
Report deferred to the next meeting.  ACTION:  AFS-420. 
             
 
MEETING 98-02:  Paul Best, AFS-400, briefed that criteria have been reviewed and that 
using the fix bisector as a descent point will provide obstruction clearance.  Wally Roberts, 
ALPA, noted that determining the fix bisector is equipment specific. Paul agreed to 
coordinate with the Tech Center to ensure a valid FAA position on this issue. He will also 
coordinate with Carl Moore, AFS-420, to incorporate results of his study into the AIM.  
ACTION:  AFS-400 (NAS NRS). 
             
 
MEETING 99-01:  No report available as the AFS-400 NAS NRS was unable to attend the 
meeting. ACTION:  AFS-400 (NAS NRS). 
             
 
MEETING 99-02: Paul Best, AFS-400 (NAS NRS), briefed that FAA General Council (AGC) 
is still working on a FAA definition of “on course”; however, he has no timetable indicating 
when it will be ready for release. Wally Roberts, ALPA, agreed to prepare a definition for 
consideration working through Paul as the FAA Flight Standards point of contact. Once a 
definition is developed, AFS-420 will present it for AIM publication. Subsequent to the 
meeting, Wally advised that ALPA would like to further address the ‘bisector concept’ to 
ensure that proposed RNP protected airspace issues are addressed in the “established on 
course” definition.  He indicated that he requests to work this issue jointly with AFS-420.  
ACTION:  ALPA, AFS-400 (NAS NRS) and AFS-420. 
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MEETING 00-01:  At meeting 99-02, ALPA agreed to prepare a draft definition of “on 
course” working through Paul Best as the FAA Flight Standards point of contact.  Bill 
Hammett noted that a copy of Carl Moore’s, AFS-420, paper on using the bisector as 
descent point on flyby waypoints is included in the meeting handout.  Jim Terpstra, 
Jeppesen, noted that this is a good example of the type item that should be included in the 
proposed AC90-XX.  He also stated that this philosophy should be written somewhere as an 
official source document for data base manufacturers.  Kevin Comstock, ALPA, echoed that 
the paper should be given wide dissemination and perhaps included in the AIM as a 
temporary measure.  Kevin also noted that ALPA believes that a limitation on ground speed 
should be included in the bisector concept to ensure containment within the obstacle area.  
AFS-420 will pursue further publication of the paper.  ACTION:  AFS-420. 
             
 
MEETING 00-02:  Dave Eckles, AFS-420, presented a status update paper on the issue.  
Subsequent to the last ACF, it has been determined that certain navigation equipment will 
not permit descent from the intermediate fix altitude to the FAF altitude unless the aircraft is 
within a specified distance of the intermediate course, on an intercept heading, or in some 
cases, wings level.  The result is that the altitude to be lost between the IF and FAF may 
exceed TERPS descent gradient standards.  A new study is underway within AFS-420 to 
evaluate various associated parameters such as ground speed, angle of turn, altitude to be 
lost, and bank angle and their interrelated effect on required intermediate segment length.  
Results of the study will be incorporated into TERPS for use in procedure design.   
ACTION: AFS-420. 
             
 
MEETING 01-01:  Dave Eckles, AFS-420, briefed that there are still some open issues and 
the matter is not fully resolved within AFS-420.  When resolved, pilot education material for 
the AIM will be developed. ACTION: AFS-420. 
             
 
MEETING 01-02:  Norm LeFevre, AFS-420, briefed that FAA policy has not been resolved.  
There is no change in status.  ACTION: AFS-420. 
             
 
MEETING 02-01:  Norm LeFevre, AFS-420, briefed that there is no avionics system that will 
tell the pilot when the aircraft reaches the bi-sector point in turns and that he has requested 
that AFS-410 respond to the issue.  The following day, Hooper Harris, AFS-410, provided an 
in depth briefing on the issue noting the requirements of Part 91.181, the pilot practical test 
standards for course maintenance, and the pilot guidance published in AIM paragraph 5-4-
7(c).  Hooper noted that the bi-sector concept does not fall within any of the above 
guidance.  Hooper proposed that new guidance be developed through the ACF to address 
descent after a flyby waypoint/fix to include positive course guidance requirements and an 
acceptable definition of “on course” (within 10, off the peg, etc.).  These solutions may 
require resolution of additional issues; e.g., minimum segment lengths may have to be 
extended, turn protection areas may need enlarging, new practical test standards may need 
to be developed and pilot education material revised.  Steve Bergner, NBAA, recommends 
establishing speed standards for turns, especially at Intermediate Fixes.  Steve also 
recommended that VNAV avionics that do not provide bi-sector information have their 
certificate withdrawn.  Wally Roberts, ALPA, also recommended a 200 KT speed limit and a 
crosscheck of distance from the fix prior to starting a turn.  Al Herndon, MITRE, noted that 
the problem also exists in the en route environment.  Brad Rush, AVN-160, recommended 
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that FAA avoid using “should” in future avionics specifications.  Jim Terpstra, Jeppesen, 
added that existing TERPS criteria should not be modified due to the large number of 
procedures in print.  He added that avionics standards must not be revised “after the fact”.  
Hooper agreed that AIM guidance could resolve the issue and agreed to draft AIM language 
in concert with Wally for presentation at the next meeting.  ACTION: AFS-410 & ALPA. 
             
 
MEETING 02-02:  Hooper Harris, AFS-410, briefed that the agreements discussed at the 
last ACF remain valid; however, no action has been taken yet.  The necessary AIM 
information is still planned for submission NLT February 20, 2003 for publication in Change 
3 on August 7th.  ACTION:  AFS-410. 
             
 
MEETING 03-01:  Rich Gastrich, AFS-410, briefed that the agreements discussed at ACF  
02-01 remain valid; however, no action has been taken to date.  The AIM cutoff for the 
August AIM change was missed.  Rich assured the group that the information would be 
forwarded NLT than August 7th for AIM/AIP publication on February 19, 2004.  The draft AIM 
change will also address maximum speeds, distances, etc.  Bill Hammett offered to circulate 
the draft AIM change through the ACF membership for comment if so desired by AFS-410.  
ACTION: AFS-410. 
             
 
MEETING 03-02: Bill Hammett, AFS-420 (ISI), briefed the group that AFS-410 had 
developed AIM material to resolve this issue based on previous ACF discussions.  However, 
as a result of an internal AFS-400 non-concur, the material did not make the August 7th 
cutoff for publication in the February 19, 2004 AIM.  Work to resolve the non-concur is on-
going and it is expected to be complete in time for submission on February 19th for the 
August 04 AIM. ACTION: AFS-410. 
             
 
MEETING 04-01: Vinny Chirasello, AFS-410, briefed that there is no change in the status.  
A second resolution developed by his office was met with a second non-concur within 
AFS-400.  The non-concur centered on different phases of flight, types of procedures, and 
differing avionics functioning.  Work to resolve the non-concur prior to the August 7 AIM cut-
off date is ongoing. ACTION: AFS-410. 
               
 
MEETING 04-02:  Vinny Chirasello, AFS-410, reported that there has been no progress on 
this issue.  Tom Schneider recommended the issue be presented to the AFS-400 Technical 
Review Board (TRB) meeting for input.  AFS-410 has the IOU to place the issue on the TRB 
agenda and continue efforts to develop AIM guidance.  ACTION: AFS-410. 
               
 
MEETING 05-01:  Vinny Chirasello, AFS-410, briefed that no progress has been made on 
this issue.  He will place the issue on the AFS-400 TRB agenda to resolve the AFS-420 non-
concur.  ACTION: AFS-410. 
             
 
MEETING 05-02: Vinny Chirasello, AFS-410, briefed there has been no action on this issue.  
Steve Bergner, NBAA, stated that the subject is important and needs clarification and 
resolution.  Brad Rush, NFPG, added that the issue is not limited to approach procedures.  
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Vinny promised to pursue resolution more aggressively through an AFS-400 Technical 
review Board (TRB).  ACTION: AFS-410. 
 
MEETING 06-01:  Vincent Chirasello, AFS-410, briefed the issue was discussed at an 
AFS-400 Technical review Board (TRB) after the last ACF meeting.  However, the language 
never made it to the AIM.  Vinnie added that his office is staffing a request to adopt the 
ICAO definition of “on course” for FAA use.  He promised AIM material prior to the cutoff for 
the Feb 07 AIM.  Tom stated he would circulate the AIM proposal to the ACF-IPG Master 
Mailing List for comment as soon as received from AFS-410. 
ACTION: AFS-410 and ACF-IPG Chair. 
             
 
MEETING 06-02:  Robert (Rico) Carty, AFS--410, briefed that there has been no progress 
on this issue.  ACTION: AFS-410. 
             
 
MEETING 07-01:  Ernie Skiver, AFS-410, briefed that there has been no progress on this 
issue.  Wally Roberts, NBAA, briefed that TSO 149 and 146 boxes switch to the next leg at 
the bisector of the fix.  Brad Rush responded that flight inspection practices are not to 
descend until the aircraft is wings-level after the turn.  ACTION: AFS-410. 
             
 
MEETING 07-02:  Mark Steinbicker, AFS-470, briefed they are still assessing how different 
avionics systems operate as not all use the same methodology; e.g., some FMS systems 
recognize and begin descent at the bisector of the turn, others operate in a different manner.  
Mark briefed that the operational expectation in ACs 90-100 and 90-101 is for pilots to be 
contained within .5 of the required accuracy for straight segments and within 1 times the 
required accuracy during turns.  Tom Schneider, AFS-420, asked whether AC 90-94, would 
also address the issue.  Mark replied that AC 90-94 may go away to be replaced by a new 
AC that would incorporate all RNAV and RNP procedures.  Brad Rush, AJW-321, cautioned 
on changing criteria as some boxes cannot accommodate the current design; e.g., wings-
level prior to ramping down.  Rich Boll, NBAA, asked if there was intent for a pilot to have to 
switch in/out of VNAV mode and whether VNAV systems approved IAW AC 20-129 will 
meet the new requirements.  Mark replied that the pilot should not have to switch modes 
and that he sees no problem with existing AC 20-129 VNAV systems complying with the 
proposed changes.  Kevin Comstock, ALPA, said .5 of the required accuracy (or ½ the RNP 
required) was chosen in AC90-100 for straight segments, but he didn’t think the same 
applied for turns.  Mark replied that systems that generate a path around a turn need to 
ensure containment within 1 times the required accuracy.  If the system does not generate a 
path, pilots must minimize overshoot or undershoot and return to the course as soon as 
possible.  Descent upon waypoint sequencing should be OK as long as deviation is within 
the aforementioned limits.  All agree that updated guidance must be written; AFS-470 will 
continue working the issue.  ACTION: AFS-470. 
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MEETING 08-01:  John Swigart, AFS-470, briefed that he is the new specialist for this issue.  
He realizes the issue has been on the “back burner” for some time and promised that he will 
work with MITRE to provide an update at the next meeting.  Rich Boll, NBAA, requested the 
status of AC 90-94 and the new AC 90-RNP which is under development and being worked 
through the PARC.  Mark Ingram, ALPA, asked whether this should be an issue for the 
USIFPP.  Tom Schneider, AFS-420, responded perhaps so, since an AC revision is 
involved.  John added that the issue is being addressed by several groups; however, his 
office will continue efforts to resolve the issue and develop AIM material.  He will also 
provide an update on status of draft AC 90-RNP.  ACTION: AFS-470. 
             
 
MEETING 08-02:  Mark Steinbicker, AFS-470, briefed that they are still working the issue 
although it is on the ‘back burner’.  Analysis by MITRE is on-going with solutions for both 
automated and non-automated aircraft under consideration.  Tom Schneider, AFS-420, 
stated that AC 90-RNP, which has been coordinated, will address RNP operations.  Mark 
responded that comments received on AC 90-RNP, which will cancel AC 90-94 and 90-97, 
have been adjudicated and higher policy decisions are in progress.  The AC is targeted to 
enter the AFS-1 signatory process in November.  Mark added that AIM information must still 
be developed.  ACTION: AFS-470. 
             
 
MEETING 09-01:  Catherine Majauskas, AFS-470, briefed that MITRE has also been 
accomplishing a study of this issue, which should be complete in June.  After the study is 
complete AFS-470 will develop applicable AIM guidance.  The goal is to have the AIM 
language and AC90-RNP completed in the Fall of 2009.  John Swigart, AFS-470, stated a 
full briefing would be provided at the October ACF-IPG meeting.  ACTION: AFS-470. 
             
 
MEETING 09-02:  Al Herndon, MITRE, provided a briefing on a MITRE study that assessed 
FMS performance regarding descent at the waypoint bisector.  The study included all FMS 
manufacturers and used a standard route for all systems.  The route included a SID from 
Ontario, CA followed by flight through several en route points with altitude changes to 
connect with the RIIVR 2 STAR into Los Angeles.  The tests confirmed that all aircraft were 
well within the TERPS lateral protected airspace for the turns.  Additionally, all fully 
automated VNAV systems met the required altitude restrictions at the bisector.  91% of FMS 
units tested were within 150 feet of the calculated altitude at the course change bisector in a 
descending turn.  The remaining 9% that were not within 150’ were caused by early 
descent.  Based on the study, Al recommended the issue be closed.  Tom Schneider, AFS-
420, stated that we have not satisfied the initial request and recommended that the issue 
remain open until AIM language has been published.  A copy of the MITRE study is included 
here           .  AFS-470 will use the results of the MITRE study to develop AIM and other 
educational material.  ACTION:  (AFS-470). 
             
 
MEETING 10-01:  Bruce McGray, AFS-410, presented a status update paper on the issue 
requesting that the attendees review it and provide feedback prior to July 16.  After all 
comments are reviewed, AFS-410 will provide a final decision back to the ACF-IPG for 
consensus and closure.  An excerpt of Bruce's paper follows: 
 

"On course for situations involving various levels of FMS/ LNAV/ VNAV 
equipped aircraft, and with varying levels of automation are broken down to 




 


  Enc l o su re   t o   L e t t e r   F064 ‐L09 ‐049  


ENCLOSURE    


 


 


 


 


 


 


 Analysis of advanced Flight 
Management Systems (FMSs), Flight 
Management Computer (FMC) Field 
Observations Trials; Lateral and 
Vertical Path Integration 


  


  Albert Herndon 


Michael Cramer 


Tommy Nicholson 


 


September 2009 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 


© 2009  The MITRE Corporation. All rights reserved. 
 







 


 


 


 


 


The contents of this material reflect the views of the author and/or the Director of the Center for Advanced 
Aviation System Development, and do not necessarily reflect the views of the Federal Aviation Administration 
(FAA) or the Department of Transportation (DOT).  Neither the FAA nor the DOT makes any warranty or 
guarantee, or promise, expressed or implied, concerning the content or accuracy of the views expressed herein. 


This is the copyright work of The MITRE Corporation and was produced for the U.S. Government under 
Contract Number DTFA01-01-C-00001 and is subject to Federal Aviation Administration Acquisition 
Management System Clause 3.5-13, Rights in Data-General, Alt. III and Alt. IV (Oct. 1996). No other use other 
than that granted to the U.S. Government, or to those acting on behalf of the U.S. Government, under that 
Clause is authorized without the express written permission of The MITRE Corporation. For further 
information, please contact The MITRE Corporation, Contract Office, 7515 Colshire Drive, McLean, VA 
22102, (703) 983-6000. 


2009 The MITRE Corporation.  The Government retains a nonexclusive, royalty-free right to publish or 
reproduce this document, or to allow others to do so, for “Government Purposes Only”. 


  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 


© 2009  The MITRE Corporation. All rights reserved. 
 







 


 


  Enc l o su re   t o   L e t t e r   F064 ‐L09 ‐049  


ENCLOSURE    


 


 


 


 


 


 


 Analysis of advanced Flight 
Management Systems (FMSs), Flight 
Management Computer (FMC) Field 
Observations Trials; Lateral and 
Vertical Path Integration 


  


Sponsor: Federal Aviation 
Administration 
Dept. No.:F064 
Project No.: 0209FX03‐OP 
Outcome No.:3 
PBWP Reference:  3‐3.E‐2 
“Recommendations Techniques and 
Criteria for Optimizing OPD 
Procedures” 


 
For Release to All FAA.   


This document was prepared for 
authorized distribution only. It has not 
been approved for public release. 


©2009 The MITRE Corporation.  
All Rights Reserved. 


 


Albert Herndon 


Michael Cramer 


Tommy Nicholson  


 


September 2009 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 


© 2009  The MITRE Corporation. All rights reserved. 
 







 


 
 


 


ANALYSIS OF ADVANCED FLIGHT MANAGEMENT SYSTEMS (FMS), 
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Abstract 
 


The differences in performance of various 
manufacturers’ Flight Management Systems 
(FMSs) and their associated Flight Management 
Computers (FMCs) have the potential for 
significant impact on the air traffic control system 
and as such need to be examined and reexamined.  
While Area Navigation (RNAV) and Required 
Navigation Performance (RNP) procedures and 
routes are designed according to criteria contained 
in Federal Aviation Administration (FAA) orders, 
FMC manufacturers build their systems in 
accordance with Minimum Aviation System 
Performance Standards (MASPS) [1] and Minimum 
Operational Performance Standards (MOPS) [2] 
for area navigation systems, Technical Service 
Orders and Advisory Circulars.  It is anticipated 
that the resulting performance of the aircraft FMC 
will meet the procedure design requirements 
identified in the FAA criteria. 


Airlines and air traffic controllers have as their 
goal flight procedures where aircraft operations 
meet expectations for repeatability and 
predictability to levels of performance sufficient to 
support performance based operations in the 
National Airspace System (NAS).  Sometimes, due 
to the nearly independent development of procedure 
design criteria and aircraft performance standards, 
the paths of various aircraft on the same procedure 
do not overlap and do not match the expectancy of 
the procedure designer.  These differences may 
result from any or all of the following: variations in 
FMC equipment installed on the aircraft; variations 
and errors in procedure coding in the FMC 


navigation database; variations in aircraft-to-FMC 
interface and associated aircraft performance 
capabilities; and variations in flight crew training 
and procedures. 


The hypothesis of this paper is that the basic 
FMCs built by avionics manufacturers and installed 
as the core of the FMC/FMS combinations in 
various airframe platforms perform differently and 
we will attempt to quantify those differences.  This 
paper focuses on aspects of lateral and vertical 
flight FMC performance when processing 
mandatory block altitudes, aircraft bank angle on 
turns above nineteen thousand five hundred feet 
(Flight Level [FL]195), determining the vertical 
transition point at fly-by waypoints, and execution 
of Optimized Profile Descents (OPDs).  Public 
instrument procedures flown using RNAV are used 
as the baseline for measuring performance 
variations. 


Controlled field observations trials were made 
using thirteen test benches and four simulators at 
seven major FMC manufacturers and three airlines.  
The intent of this report is to contribute technical 
data as a foundation for the acceptance of 
mandatory block altitude usage in RNAV and Basic 
RNP procedures; allow Standard Instrument 
Departure (SID) and Standard Arrival (STAR) 
procedure design criteria to utilize bank angles in 
excess of five degrees above FL195; satisfy an open 
FAA/Industry Aeronautical Charting Forum issue 
concerning the vertical transition point at fly-by 
waypoints; and assess FMC processing of an 
Optimized Profile Descent. 
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Introduction 
The FAA is committed to transitioning to a 


performance-based NAS.  Performance-Based 
Navigation (PBN) is defined as navigation along a 
route, procedure, or within airspace that requires a 
specified minimum level of performance for system 
elements.  Key concepts of this PBN system are 
based upon RNAV and RNP involving terminal 
SIDs, STARs, Instrument Approach Procedures 
(IAPs), and en route and oceanic procedures. 


The MITRE Corporation’s Center for 
Advanced Aviation System Development (CAASD) 
has supported the FAA in identifying and analyzing 
differences among widely used operational FMSs 
and in particular their associated FMCs.  The FMC 
is the core of the FMS and performs the navigation 
calculations.  This report is part of a continuing 
effort beginning with Assessment of Operational 
Differences Among Flight Management Systems [3] 
in 2004, to focus on the differences in how aircraft 
using different FMSs/FMCs execute specific 
procedures resulting in different tracks being flown 
by the aircraft. 


In 2005, Analysis of Advanced Flight 
Management Systems (FMSs) [4] reported that there 
are four primary areas that contribute to variations 
in the aircraft RNAV/RNP paths: 


1. FMC equipment installed on the 
aircraft 


2. Procedure coding (errors) in the FMC 
navigation database 


3. Aircraft to FMC interface and 
associated aircraft performance 
capabilities 


4. Flight crew training and procedures 


In 2006, Analysis of Advanced Flight 
Management Systems (FMSs), FMC Field 
Observations Trails, Lateral Path [5]; in 2007, 
Analysis of Advanced Flight Management Systems 
(FMSs), FMC Field Observations Trials, Vertical 
Path [6]; and in 2008,  Advanced Flight 
Management Systems (FMSs), FMC Field 
Observations Trials, Radius-to-Fix Path 
Terminators [7] focused on the first item.  The 
reports explored FMC equipment installed on the 
aircraft and how the equipment processed lateral, 
vertical, and Radius-to-Fix (RF) paths.  This paper 


reports on combinations of paths and terminators 
that currently may be used in public SIDs, STARs 
and instrument approaches as detailed in ARINC 
Navigation Systems Database Specification 424 [8]. 


An extensive trial and data collection plan was 
developed to facilitate the trials and to make the 
collection effort minimal for a manufacturer or an 
airline.  Manufacturers do not typically allow access 
to their developmental and test areas; however, 
agreements were developed to treat the data as 
proprietary and to disassociate analysis and 
reporting from the manufacturer’s name.  As a 
result, data from seven of the major flight 
management computer avionics manufacturers and 
three airlines was obtained.  The data was analyzed 
and the results are compiled in this document.  


Scope 
This paper describes lateral and vertical paths 


computed by flight management computers.  The 
data was obtained from thirteen test benches and 
four simulators at seven major FMC manufacturers 
and three airlines.  It reports on the development, 
conduct, results and analysis of the Field 
Observations Trials which took place between 
February and August, 2009. 


Background 
Since the FAA began the development and 


implementation of RNAV procedures several years 
ago, air traffic controllers have had an expectation 
that the use of RNAV and RNP procedures would 
result in more accurate and predictable paths and 
less pilot-controller communications.  For the most 
part, RNAV and RNP procedures have achieved 
these goals, but due to differences in ground speeds 
and variations in the performance of FMCs, track 
conformance has not been as good as expected.  As 
procedures were implemented at different locations, 
it was identified almost immediately that while on 
RNAV procedures, aircraft flying at different 
speeds and differently equipped aircraft do not all 
fly lateral paths the same way, nor do they turn or 
climb or descend at the same points in space.  The 
first observed differences involved lateral path 
construction and then as vertical path construction 
became more important to the future of PBN, 
vertical differences were also observed.  
Differences, especially differences in lateral and 
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vertical path were explored in Analysis of Advanced 
Flight Management Systems (FMSs), FMC Field 
Observations Trails, Lateral Path [5] in 2006; 
Analysis of Advanced Flight Management Systems 
(FMSs), FMC Field Observations Trials, Vertical 
Path [6] in 2007; and Advanced Flight Management 
Systems (FMSs), FMC Field Observations Trials, 
Radius-to-Fix Path Terminators [7] in 2008. 


In the constantly changing world of PBN the 
task of guidance, or the FMS control of the lateral 
and vertical profile, and the ability of the associated 
FMCs to comply with speed and altitude constraints 
at waypoints continues to be important to 
investigate.  Variations in FMC equipage are not 
only a problem caused by the differences in types of 
aircraft, where varied performance capabilities 
based on airframe and engines are expected, but 
many times the same type of aircraft may also have 
differences.  These differences may result from an 
aircraft manufacturer’s use of different FMCs in the 
FMSs. 


This paper investigates four issues that are of 
interest to FAA Flight Standards, the FAA 
RNAV/RNP Group and industry. 


1. Mandatory Block Altitudes:  Described in 
the FAA Instrument Flying Handbook [9], 
as “an altitude depicted on a chart with two 
altitude values underscored and overscored.  
Aircraft are required to maintain altitude 
between the two depicted values.”  Such 
altitudes are depicted on approximately 218 
conventional and RNAV STARs and 
approximately 249 conventional and 
RNAV SIDs worldwide but are currently 
not allowed to be used in the United States 
on RNAV SIDs or STARs.  Conclusions 
and recommendations in this report will aid 
in influencing the use of mandatory block 
altitudes on RNAV and basic RNP 
procedures. 


2. Aircraft Bank Angle Above FL195:  
Procedure designers are restricted by 
RTCA DO-236B, Minimum Aviation 
System Performance Standards: Required 
Navigation Performance for Area 
Navigation [1] and FAA Order 8260.54A, 
The United States Standard for Area 
Navigation (RNAV) [10] to a default aircraft 
bank angle of 5 degrees on high altitude 


fly-by transitions.  The resulting Distance 
of Turn Anticipation (DTA) computations 
require lengthy distances between 
waypoints above FL195 and can limit 
procedure construction in complex 
airspace. Conclusions and 
recommendations in this report may 
provide criteria relief for the 5 degree 
aircraft bank angle restriction. 


3. Determining Vertical Transition Point at 
Fly-by Waypoints: Described in RTCA 
DO-236B, Minimum Aviation System 
Performance Standards: Required 
Navigation Performance for Area 
Navigation Section 3.2.8.5 [1] as “VNAV 
Path Transitions,” when a lateral and a 
vertical transition occur at the same fix, the 
system  is required to meet the altitude 
constraint at the lateral bisector of the turn.  
Conclusions and recommendations in this 
report should aid in satisfying 
FAA/Industry Aeronautical Charting 
Forum Issue No. 96-01-166 which 
questions where RNAV equipped aircraft 
actually satisfy an altitude constraint at a 
fly-by waypoint. 


4. Optimized Profile Descent (OPD): 
Described in FAA Delivering NextGen, 
Flexible Terminal Airspace [11] as 
“permitting aircraft to remain at higher 
altitudes on arrival at the airport and use 
lower power settings during descent.  OPD 
arrival procedures will provide for less 
noise and more fuel efficient operations.”  
The FAA has designated certain procedures 
within the NAS as OPDs and the 
conclusions of this report will verify OPD 
design and report on the capabilities of 
FMCs to process a typical OPD. 


Field Observations Trial 
Field observations trials were a key component 


of the data collection.  To conduct the trials, a plan 
was developed and provided to the FAA and 
industry participants for approval.  Good 
participation is essential for the data collection.  A 
list of the manufacturers, the versions of FMC 
models/software, and the range of aircraft 
represented is discussed along with the selection of 
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public procedures used during execution of the trial 
plan. 


 


 


Trial Plan Development 
 


     Starting with recommendations from 
previous analysis efforts, several investigative areas 
were considered for this report.  As mentioned in 
the Introduction, there are four primary areas that 
contribute to variations in the aircraft lateral and 
vertical paths: FMC equipment installed on the 
aircraft; procedure coding in the FMC navigation 
database; aircraft to FMC interface and associated 
aircraft performance capabilities; and flight crew 
procedures: 


1.  FMC equipment installed on the aircraft:  
The same type of aircraft may have FMCs from 
different manufacturers and/or different FMC 
models from the same manufacturer.  Also as 
expected, different types of aircraft will have 
FMCs from different manufacturers installed.    


2.  Procedure coding in the FMC navigation 
database: Different versions of ARINC 424 used 
in the FMC, as well as database suppliers 
interpretation and coding of a procedure, can 
have an impact on how the aircraft complies 
with the generated lateral navigation (LNAV) 
and vertical navigation (VNAV) paths. 


3.  Aircraft to FMC interface and associated 
aircraft performance capabilities:  FMC 
manufacturers often supply their systems to 
different aircraft manufacturers.  The same 
model FMC may be installed in a Boeing 
aircraft and an Airbus aircraft where the aircraft 
performance requirements require the particular 
FMC model to be tailored.  Some manufacturers 
offer differently tailored FMCs to different 
customers operating the same type aircraft. 
These different airframes when joined with 
different engine combinations will, as expected, 
have performance capabilities that differ; for 
example, acceleration, climb rate, maximum 
allowable bank angle, etc.  


4.  Flight crew procedures:   Airline flight 
crews and general aviation crews have extensive 


differences in training requirements and 
standards as well as different operating 
philosophies and procedures.  For example, 
speed schedules may vary considerably and 
some flight crews may be instructed to use all 
available FMC, autopilot guidance and FMS 
automation provided while some operators 
explicitly limit what flight crews may use.  
These variations in flight crew operating 
procedures have not been fully examined. 


Of these four areas, two and three were 
examined previously1 and were found to have 
significant negative impact on the repeatability of 
LNAV and VNAV paths and based on 
recommendations in those reports the decision was 
made to focus on core functionality and examine 
differences in FMCs. Previous reports2 examined 
the LNAV, VNAV and Radius-to-Fix paths.  The 
intention of this report is to examine aircraft 
tracking on a series of procedures to accommodate 
the four stated goals for the trials.   


The methods of the trial plan were to: 


1. Control all pertinent variables through 
standardized trial scenarios. 


2. Use public procedures that are in use in 
the NAS today. 


3. Incorporate as many different 
manufacturers’ FMCs as possible.  


a. Use airline high fidelity 
simulators to validate fixed-
based simulation resources.  


4. Facilitate the trials and data collection 
process. 


5. Protect the data provided by the 
manufacturers. 
 


To successfully accomplish the goal of the 
trials to directly compare different systems’ 
performance, unprocessed data needed to be 
obtained. This data can only be obtained from 
manufacturers’ test bench or test station computers 
(sometimes called Engineering Cabs or System 
Integration Test Stations [SITS]), as all errors 
associated with atmosphere, sensors, and other 
peripheral systems can be eliminated, leaving the 
focus directly on the FMC.  These “bench FMCs” 


                                                      
1 Steinbach [3] and Herndon et al. [4] 
2 Herndon et al. [5, 6 & 7] 
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are only available in the research and development 
labs of the manufacturers.  In addition, when 
necessary to fill equipment gaps, airline simulators 
were used.  The authors recognize that most modern 
simulators use re-hosted FMC’s and therefore, the 
simulator data was vetted for accuracy before use. 


Manufacturer/Airline Participation 
 


Seven FMC manufacturers and three airlines 
agreed to participate in the trials and data collection 
effort.  These seven manufacturers and the airlines’ 
FMCs provide over 95% of the civil FMC systems 
in service today.  The high fidelity simulators and 
the bench observations involved simulating an 
aircraft flying public procedures, with pre-
determined parameters recorded for each flight.  At 
each manufacturing site and airline, the same 
observation profile was accomplished.   


     Participating manufacturers and airline and 
their associated FMC models are presented in Table 
1. 


 


Table 1. FMC Test Benches/Simulators 


Manufacturer FMC Aircraft 


GE Aviation U10.7 B737-800 sFMS 
USB Test Bench 


GE Aviation U10.8 B737-800 
Engineering Cab 


Thales FMS2 Airbus 320 Test 
Bench 


Thales FMS2 Airbus 320 US 
Airways CAE 
Simulator 


Honeywell Pegasus
2009 


Airbus 330 Emirates 
CAE Simulator 


Honeywell EPIC, 
Version 
7.1 


Embraer 190 System 
Integration Test 
Station (SITS) 


Honeywell EPIC, 
Version 
7.1 


Gulfstream 550 
System Integration 
Test Station (SITS) 


Honeywell AIMS2, 
Version 


B777-300 


14 Engineering Cab 


Honeywell 747-4, 
Load 16 


B747-400 Test 
Bench 


Honeywell Pegasus 
2009 


B767-300 Test 
Bench 


Honeywell Pegasus 
2009 
R1-A 


Airbus 320 Test 
Bench 


Honeywell 380 Airbus 380 Emirates 
CAE Simulator 


Honeywell Pegasus
2009 


Airbus 320 jetBlue 
CAE Simulator 


Rockwell 
Collins 


FMS-
6000 


CL-604 Test Bench 


Universal 
Avionics 


UNS-
1Ew 
SCN 
1000.1 


Cessna Citation II 
Test Bench 


Garmin G1000 Embraer Phenom 
100 Test Bench 


CMC 
Electronics 


CMA-
9000 


Test Bench:     
L1011 Performance 
and Hybrid 
Autoflight System 


 


Trial Plan 
 


The previously proven plan3 was amended and 
presented to the airline and each manufacturer to 
provide the required information to setup the FMC 
and collect the required data.  The NAS was 
searched for published procedures to satisfy the 
intentions stated previously.  A flight from 
California’s Ontario International Airport (KONT) 
to Los Angeles International Airport (KLAX) was 
selected.  CAASD provided each manufacturer and 
airline a Field Observations Trial Plan with a 
designated route to be flown twice, once without 
wind and once with a wind direction of 060 degrees 
and a velocity varying linearly from 100 knots at 
FL350 to 0 knots at ground level to show the effects 


                                                      
3  Herndon et al. [5, 6 & 7] 
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of tailwinds in descent path construction and 
execution.  Cost Index (CI) was set at zero for those 
FMCs with CI capability.   The route clearance was 
KONT, the PRADO SIX DEPARTURE, 
THERMAL TRANSITION, direct CADEZ 
INTERSECTION, direct GLACO 
INTERSECTION, the RIIVER TWO ARRIVAL to 
Los Angeles, HECTOR TRANSITION, and the 
RNAV (GPS) RUNWAY 25 LEFT approach to Los 
Angeles International Airport (KLAX), RIIVR 
TRANSITION.  The altitude assignments were to 
climb to FL350, cross CADEZ at FL340, cross 
GLACO at FL320, cross HECTOR at FL300 and 
“descend via” the RIIVR TWO ARRIVAL to Los 
Angeles.   With the exception of the instrument 
approach to KLAX, these procedures were 
conventional and the Trial Plan required them to be 
flown using RNAV.  RNAV equipped aircraft 
routinely fly conventional procedures using RNAV.  
For the trials the maximum use of the automation 
capability of the FMS was required.  It was 
preferred to have pilots operate the test benches but 
operating engineers were acceptable.  Careful 
attention to the vertical path was required for 
FMCs/FMSs with advisory VNAV or VNAV 
guidance since the path had to be manually 
maintained.  The entire route was available in the 
public 28 day update navigation database.  See 
Figure 1. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Figure 1.  Route From KONT to KLAX 


 


      The PRADO SIX DEPARTURE provided a 
mandatory block altitude, other altitude restrictions 
and several turns for data comparison.  See Figure 
2. 
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Figure 2.  KONT PRADO SIX DEPARTURE 


 


          CADEZ and GLACO intersections were used 
to tie the departure and arrival procedures together 
which provided excellent paths to explore bank 
angle and vertical transitions. 


         The RIIVR TWO ARRIVAL provided two 
mandatory block altitudes, a speed restriction, other 
altitude restrictions and several turns for data 
comparison.  It has also been designated by the 
FAA as an Optimized Profile Descent.  See Figure 
3. 


 


 


 


 


 


 


 


Figure 3. KLAX RIIVR TWO ARRIVAL 


 


         And finally the “RNAV (GPS) RWY 25L” 
was chosen because of its multiple altitude 
restriction design.  See Figure 4. 
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Figure 4.  KLAX RNAV (GPS) RWY 25L 


 


Data Collection Parameters 


The trial output parameters were selected for 
FMC internal data to be exported and are presented 
in Table 2.  Each flight was flown with highest 
level of automation available using the aircraft 
FMC Control Display Unit (CDU) and associated 
autoflight system and flight director controls.  The 
unprocessed data was recorded for subsequent 
analysis and will hereafter be referred to as an FMS 
track.  “FMS track” label was chosen over “FMC 
track” because each manufacturer’s test bench was 
flown using integral components (autopilot and 
flight director) of the FMS system.  “Track” was 
chosen over “trajectory” to be consistent with 
previous reports.  The charted conventional 
procedures’ “intersections” are referred to as 
“waypoints.”  In area navigation avionics, the two 
are processed in exactly the same manner. 


 


Table 2. Data Collection Parameters 


ARINC 429/702 LABELS/PARAMETERS


FMC 


Cross Track Distance 


Vertical Deviation 


TRUTH (Airplane) 


Latitude 


Longitude 


Ground Speed 


Track Angle True 


Magnetic Heading 


Wind Speed 


Wind Direction – True 


Vertical Speed 


Vertical Velocity 


Indicated Airspeed 


True Heading 


Time 


Pressure Altitude 


Barometric Altitude 


True Airspeed 


Pitch Angle 


Roll Angle 


Body Roll Rate 


Engine Thrust 


Engine N1 


Flaps 


Drag (Speed Brakes) 


 


Data Analysis 
The FMS track output parameters obtained 


from the manufacturers and the airlines for analysis 
were recorded using 1-second time intervals and the 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 


© 2009  The MITRE Corporation. All rights reserved. 
 







 


information characterized the four-dimensional 
aircraft track for each flight.  The 13 manufacturers 
provided 26 tracks (without and with wind) and the 
3 airlines provided 6 tracks.  (Data from one airline 
simulator was inconclusive.)  All 32 FMS tracks 
were analyzed, however not all of the tracks were 
included in every evaluation due to unintentional 
data corruption and/or pilot or operating engineer 
inattention or error. 


 


The tracks were evaluated using MITRE’s 
Integrated Terminal Research Analysis and 
Evaluation Capabilities (iTRAEC) [12].  The 
ground tracks, altitude profiles, and roll angle 
profiles for tracks without and with wind are shown 
in Figures 5 and 6, respectively. 


 


 
Figure 5.  FMS Tracks, Altitude Profiles, 


and Roll Angle Profiles, without Wind 


 


 
Figure 6.  FMS Tracks, Altitude Profiles, 


and Roll Angle Profiles, with Wind 


 


Metrics 
The analysis of the FMS tracks involved four 


metrics that characterized: 


1. Conformance of tracks to mandatory 
block altitudes 


2. Aircraft bank angles above FL195 


3. Vertical transition at fly-by waypoints 
with altitude restrictions 


4. Optimized Profile Descents (OPDs) as 
defined by procedure, not each FMS. 


 


Mandatory Block Altitudes: This analysis 
focused on identifying the crossing altitude of each 
FMS track at each of the waypoints with block 
altitude constraints – WERLE (At or above 4,500 ft. 
and at or below 9,000 ft.), GRAMM (At or above 
17,000 ft. and at or below FL210), and RIIVR (At 
or above 12,000 ft. and at or below 14,000 ft.). 


Aircraft Bank Angle Above FL195: Aircraft 
bank angle above FL195 was studied based on the 
recorded values of the FMS tracks.  The analysis 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 


© 2009  The MITRE Corporation. All rights reserved. 
 







 


focused on the portions of tracks immediately 
before, during, and after each turn at the 
THERMAL (TRM) very high frequency omni 
range (VOR) and HECTOR VOR (HEC) 
transitions, and at the CADEZ and GLACO 
waypoints. 


 


Determining Vertical Transition Point at 
Fly-by Waypoints:  The bisector of the turn angle 
is at half the entire turn angle.  An FMS track 
turning at the fly-by waypoint crosses a line 
extending from the waypoint at this bisector angle, 
as shown in Figure 7.  The altitude of the FMS track 
at this point is compared to the waypoint constraint. 


Since each FMS track recorded data 
approximately every second, there may not be a 
data point recorded at the exact location of the 
bisector.   This may affect the altitude readings, as 
seen in Figure 7.  Additionally, some aircraft may 
meet the altitude constraint slightly above or below 
the actual altitude. 


 
Figure 7.  Fly-by Altitude Calculation 


Limitations 


Optimized Profile Descent: The Optimized 
Profile Descent was studied from HEC, the 
beginning of the transition to the RIIVR waypoint.  
Particular focus was given to the Top-Of-Descent 
(TOD) point, as FMCs were able to compute their 
ideal descent gradient within the constraints of the 
procedure design.  Additionally, the speed 
constraint of “280K” (knots indicated air speed or 
KIAS) at GRAMM was observed to see how 
aircraft dealt with both altitude and speed 
constraints while performing an OPD. 


Analysis Results 
 


Mandatory Block Altitudes: 


 In both the without wind and with wind 
scenarios, Figures 8 and 9, respectively,  32 of 34 
FMS tracks fall within the altitudes specified at 
each waypoint.  For each graph in these Figures, the 
waypoint is located at an along-track distance of 
zero nautical miles, on the right of each graph. 


 
Figure 8.  Altitude Profiles to Block Altitude 


Waypoint Constraints, without Wind 
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Figure 9.  Altitude Profiles to Block Altitude 


Waypoint Constraints, with Wind 


        In the scenario without wind, 8 of 13 FMS 
tracks reached 9,000 feet prior to WERLE and 
leveled off to satisfy the block altitude constraint (at 
or below 9,000 feet and at or above 4,500 feet).  
The lowest without wind altitude at WERLE was 
only slightly below this constraint at 8,781 feet.  In 
the wind case, 11 of 13 tracks reached 9,000 feet 
prior to the waypoint.  The lowest with wind 
altitude of any track at WERLE was 7,625 feet.  
Only 1 FMS track failed to meet this altitude 
constraint in both without wind and with wind 
cases, reaching 16,716 feet without wind and 
15,728 feet in the wind case.  The track was 
identified with a FMC that had advisory VNAV or 
VNAV guidance and in these two cases the pilot or 
operating engineer failed to manipulate the 
FMS/FMC controls to meet the constraints. 


At the GRAMM waypoint, all FMS tracks met 
the block altitude constraints of 17,000 to 21,000 
feet in both without wind and with wind cases.  In 
the case without wind, the altitudes ranged from 
17,007 to 19,865 feet.  In the case with wind, the 
altitudes ranged from 16,986 to 19,885 feet. 


At the RIIVR mandatory altitude of 12,000 to 
14,000 feet, 12 of 13 FMS tracks satisfied the 
constraint in both without wind and with wind 
cases.  In each case the FMS track that did not meet 
the constraint appeared to decrease its descent 
gradient slightly before reaching the waypoint and 
thus was slightly higher than the required altitude, 
at 14,160 feet without wind and 14,196 feet with 
wind.  The track was identified with a FMC that 
had advisory VNAV or VNAV guidance and in 
these two cases the pilot or operating engineer 
failed to manipulate the FMS/FMC controls to meet 
the constraints. The other FMS tracks crossed 
RIIVR within the required 12,000 to 14,000 foot 
constraint. 


Aircraft Bank Angle Above FL195: The 
bank angles of FMS tracks were measured before, 
during, and after the turn to show not only the 
maximum bank angle of aircraft but also how they 
roll in and out of a turn.  The lateral profile and 
bank angles at TRM for the without wind scenario 
are shown in Figure 10. 


 
Figure 10.  Lateral Profile and Bank Angles 


of FMS Tracks at TRM, without Wind 


One of the most apparent characteristics of the 
different FMS tracks at TRM is that 1 track makes a 
much wider turn than the others.  The bank angle of 
this FMC/aircraft combination is limited to five 
degrees throughout the turn, compared to 15 
degrees for one other FMC/aircraft combination and 
approximately 20 degrees for the others.  Also of 
note, the track limited to 15 degrees appears to roll 
out of the turn at a slower rate than the others, and 
at a slower rate than it rolled in.  There were 4 FMS 
tracks that appeared to slightly overshoot the roll 
out of a turn by up to three degrees. 
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 The bank angles of without wind FMS 
tracks at CADEZ, shown in Figure 11, and at 
GLACO and HEC, Figure 12, are similar to those at 
TRM with a few notable exceptions. 


 
Figure 11.  Lateral Profile and Bank Angles 
of FMS Tracks at CADEZ, without Wind 


 


 
Figure 12.  Lateral Profile and Bank Angles 


of FMS Tracks at GLACO and HEC 


 


Noticeably larger turns were made by 2 FMS 
tracks at CADEZ and GLACO.  Both have bank 
angles of almost ten degrees, compared to the 


others near 20 degrees.  These two tracks come 
within 6.7 and 5.4 Nautical Miles (NM) of CADEZ, 
whereas the other 11 tracks come within 3.6 NM.  
At both CADEZ and GLACO, there is also 1 FMS 
track that banks at approximately 15 degrees, 
reduces to approximately 5 degrees, increases back 
to 15 degrees, and then slowly comes out of the 
turn.  At CADEZ, 4 tracks continue to bank slightly 
after coming out of the turn while rejoining and 
must adjust to correct.  At GLACO, four do this as 
well. 


 Similar bank angle and turn characteristics 
were observed for both without wind and with wind 
scenarios. 


Determining Vertical Transition Point at 
Fly-by Waypoints: Altitude constraints after 
leveling at FL350 were FL340 at CADEZ, FL320 at 
GLACO and FL300 at HEC.  Analyses of the 
altitude an aircraft crosses the bisector of the 
CADEZ is shown in Figure 13.  This corresponds to 
the same section of FMS track depicted in Figure 
11, although the chart colors are not coordinated.  
Figure 14 is a zoomed in view of the altitude profile 
closer to the bisector. 


 
Figure 13.  Altitude Profile of FMS Track 


Readings at CADEZ 


 
Figure 14.  Zoomed Altitude Profile of FMS 


Track Readings at CADEZ 
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     At CADEZ, 7 of the 13 FMS tracks are 
within 50 feet of the altitude constraint when they 
cross the bisector.  Of the remaining 6 tracks, all are 
within 150 feet except one, which is almost 500 feet 
above the constraint, but reaches the correct altitude 
shortly afterwards.  A track within 150 feet of the 
altitude constraint appeared to dip slightly below 
FL340 at the bisector then climb back up above 
before leveling off at the correct altitude.  There is 
also 1 track that was level at FL340, but then 
climbed to FL350 before CADEZ.  That differed 
from the trial plan but still met the altitude 
constraint. 


The altitude analyses at GLACO and HEC fly-
by turns are shown in Figures 15 and 16, 
respectively.  These correspond to the same sections 
of FMS track depicted in Figure 12. 


 


 
Figure 15.  Altitude Profile of FMS Track 


Readings at GLACO 


 
Figure 16.  Altitude Profile of FMS Track 


Readings at HEC 


At the GLACO bisector, 9 of the 13 FMS 
tracks are within 50 feet of the correct altitude 
constraint when they cross without wind.  The other 
4 are within 150 feet.  There are 3 FMS tracks at 


HEC that appear to ignore the altitude constraint 
and start descending well before reaching the 
transition.  Of the other 10 tracks, all are within 100 
feet at the bisector and 8 are within 50 feet. 


The wind scenarios had similar results to those 
without wind.  All 13 tracks at CADEZ, 12 of 13 at 
GLACO, and 7 of 13 at HEC cross the bisector of 
the turn within 150 feet of the altitude constraint.  
At GLACO, there was 1 track that crossed the 
bisector 650 feet higher than the altitude constraint, 
only satisfying it later in the turn.  At HEC, 2 tracks 
were approximately 500 feet above the altitude 
constraint and four were more than 1,000 feet 
below with one of those tracks being more than 
2,500 feet lower than the altitude constraint.  These 
all appeared to be the result of the FMC computing 
an early descent on the OPD.  This was similar to 
that seen in the without wind case. 


Optimized Profile Descent: 


The altitude profiles for the OPD analysis, 
from HEC to RIIVR, in both without wind and with 
wind scenarios, are shown in Figures 17 and 18. 


 
Figure 17.  Altitude Profile of OPD, 


Without Wind 
 


 
Figure 18.  Altitude Profile of OPD,   


With Wind 


The altitude profiles of different aircraft appear 
to show that individual FMCs compute optimal 
tracks differently from each other.  In both 
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scenarios, without wind and with wind, the top-of-
descent point varies slightly among the various 
FMCs.  The rate at which the FMS tracks descend 
also varies, although, as shown earlier in Figures 8 
and 9, the altitude constraints at GRAMM and 
RIIVR are met in both scenarios. 


The speed constraint of “At” 280 Knots 
Indicated Airspeed (KIAS) at GRAMM proved to 
be problematic for all but one of the FMC/aircraft 
combinations.  In this trial, when using the full 
automation of a FMS/FMC, including VNAV and 
autothrottle of those FMSs/FMCs so equipped, a 
speed constraint, whether labeled “At” or not, was 
processed as an “At or below” speed.  Therefore, 
those FMSs/FMCs in normal Economy Descent and 
with throttles at idle, computed crossing speeds 
below 280 KIAS.  This required pilot speed 
intervention (also called selected speed) to cross 
GRAMM “At” 280 KIAS (an Air Traffic Control 
(ATC) requirement), not only for FMSs/FMCs with 
advisory VNAV or VNAV guidance but for all 
FMSs/FMCs with the one exception.  One 
particular FMC/aircraft combination with VNAV 
and autothrottle and in Economy Descent required 
no intervention to cross at 280 KIAS.  In all cases 
of intervention, the throttles were increased to 
maintain 280 KIAS.  In the scenario without wind, 
KIAS ranged from 208 to 292, with an average of 
274 KIAS.  KIAS ranged from 208 to 305 in the 
scenario with wind, for an average of 275 KIAS.  It 
is obvious that some of the trial participants did not 
intervene to honor the ATC requirement. 


Conclusions 
 


The data collected is considered adequate to 
draw conclusions and recommendations.  In the 
case of FMCs with advisory VNAV or VNAV 
guidance further study in high fidelity simulators 
with qualified crews may be warranted.   When 
drawing conclusions from the data gathered during 
these tests and presented here, care must be taken to 
avoid drawing too strong a conclusion based on 
differences that may not be strictly FMC related.  
There are expected differences in the performance 
characteristics of the subject aircraft (airframe), as 
well as differences between automated 
LNAV/VNAV; pilot or operating engineer 
controlled LNAV/VNAV; and advisory VNAV or 


VNAV guidance. For instance, all of the flights 
were flown with LNAV using the autopilot; 
however, many were flown in a vertical speed mode 
controlled by the constraint at the initiation of the 
procedure (those systems which do not have a full 
VNAV capability to fly the vertical constraints 
from the navigation data base).  These latter 
systems show some significant variation in Flight 
Technical Error (FTE) relative to the reference 
vertical path at the initiation of the descent which 
bears more investigation.  FTE is the accuracy with 
which the aircraft is controlled as measured by the 
indicated aircraft position with respect to the 
command or desired position.4  Further study of 
FTE should be considered. 


Mandatory Block Altitudes 


Of the 13 FMS tracks at the three block 
altitude waypoints, in both without and with wind 
scenarios, 74 of the 78, or 95%, satisfied the block 
altitude constraints.  The 4 tracks that did not meet 
the constraints had advisory VNAV or VNAV 
guidance and the pilot or operating engineer failed 
to manually manipulate the FMS/FMC controls to 
meet the constraints. 


Aircraft Bank Angle Above FL195 


Bank angles of approximately 20 degrees were 
flown by 10 FMS tracks.  A track was limited to 15 
degrees and 2 were limited to between 5 and 10 
degrees, depending on the turn.  The tracks with 
bank angles below 20 degrees flew wider turns 
(more distance and farther from the turn waypoint) 
and consequently turned for a longer period of time.  
All turns were within United States Standard for 
Terminal Instrument Procedures (TERPS) [13] 
criteria 


Determining Vertical Transition Point at 
Fly-by Waypoints 


All FMS tracks studied aimed to satisfy the 
altitude constraint at each fly-by waypoint bisector.  
Of the 78 tracks over three turns in both without 
and with wind scenarios, 71 or 91% were within 
150 feet of the altitude constraint.  An advisory 
VNAV or VNAV guidance FMS/FMC at GLACO 
crossed 650 high at the bisector, 2 tracks were 
approximately 500 feet above the altitude constraint 
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and 4 were more than 1,000 feet below.  These 6 
tracks all occurred at HEC and all began descending 
early on the OPD. 


Optimized Profile Descent 


The OPD resulted in each FMC computing 
different vertical profiles with resulting different 
top-of-descent points and different airspeeds.   An 
FMC computes a vertical path in one of three ways.  
First is an unbounded path or performance path that 
is calculated using idle descent.  The second is a 
bounded or geometric path when the vertical path 
contains restrictions.   The last is for FMCs without 
full VNAV capability and the path created is 
VNAV advisory or VNAV guidance.  For a 
complete explanation of VNAV, refer to Analysis of 
Advanced Flight Management Systems (FMSs), 
FMC Field Observations Trials, Vertical Path [6].  
With one exception, if the trial pilot or operating 
engineer chose to honor the “At 280K” speed 
restriction on the OPD, manual speed intervention 
or selected speed was required for both full VNAV 
equipped FMSs/FMCs and advisory VNAV or 
VNAV guidance equipped FMSs/FMCs.  In all 
those cases, the throttles had to be increased 
resulting in additional fuel usage.  The exception 
was one specific FMC/aircraft combination which 
computed an idle descent and crossed at 280 knots. 


The mandatory speed restriction on this OPD 
was of such interest amongst the authors that one 
separate ad hoc trial was completed and not 
included in this report’s data.  This trial used the 
test bench of one of the most common FMC/aircraft 
combinations operating in the NAS with full 
VNAV/autothrottle capability and consisted of the 
same scenario except without the speed restriction 
at GRAMM.  The aircraft computed a top-of-
descent just after HEC on the RIIVR arrival and at 
TOD, the throttles retarded to idle and the profile 
was flown at idle power all the way to the final 
approach fix, LIMMA, on the RNAV approach to 
KLAX.  The OPD was so constructed that the 
mandatory block altitudes and the path angle after 
the last mandatory block altitude allowed the FMC 
to continue at idle descent. 


 


Recommendations 
 


Predicated on the observations and conclusions 
in the previous section, the authors make the 
following four recommendations: 


Mandatory Block Altitudes 


With the exception of the United States, 
mandatory block altitudes (windows) are used in 
RNAV SID and STAR procedures throughout the 
world.  From the data presented, the authors 
recommend mandatory block altitudes be included 
as an option for RNAV and RNP (AR and basic) 
procedure development in the United States.  This 
will allow FMSs to use their designed efficiencies 
to facilitate air traffic capacity. 


Aircraft Bank Angle Above FL195 


Aircraft bank angles below 15 degrees above 
FL195 require much more airspace than those using 
greater angles of bank.  Bank angles as low as 5 – 
10 degrees handicap development of RNAV SIDs 
and STARs requiring minimum leg lengths to 
navigate complex airspace.   Manufacturers who 
limit bank angle to below 10 degrees above FL195 
should consider increasing the limit to at least 15 
degrees.  The authors understand one major aircraft 
manufacturer will have a software change available 
in 2010 to increase the bank angle on a 
FMC/aircraft combination that currently restricts 
bank angle above FL195. 


Determining Vertical Transition Point at 
Fly-by Waypoints 


FMCs process altitude constraints at fly-by 
waypoints within 150 feet at the bisector 91% of the 
time.  The remaining 9% in this report were a result 
of a VNAV advisory FMS/FMC or early descent on 
an OPD.  The FAA/Industry Aeronautical Charting 
Forum should consider using this data to close Issue 
No. 96-01-166. 


Optimized Profile Descent 


Since the mandatory speed restriction on the 
RIIVR TWO designated OPD proved problematic 
for all except one of the FMC/aircraft combinations, 
it is recommended that speed restrictions be limited 
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to strict ATC requirements for OPDs and especially 
on Continuous Descent Arrivals (CDA).   This will 
be especially important where goals include idle 
power for the entire descent resulting in less fuel 
burned and less carbon dioxide emissions. 
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three answers for aircraft on course to a fly by waypoint and are going to 
change course to a different track outbound from the waypoint. 
 
Disclaimer:  There is no standardization mandated among today’s technologically 
advanced avionics systems that are LNAV/VNAV capable, or GPS/RNAV equipped.  
Pilots must be fully aware of AFM limitations for their systems, and all specific 
operating information for the particular hardware and software versions they are 
using.  Those specifics supersede any general statement below, that may or may not 
apply, given what is in an AFM limitation or system operating description.  In all 
cases, for any of these GPS/RNAV equipped aircraft, the aircraft is considered to be 
on course any time the course indication is within ½ scale deflection of being 
centered. 
 
Background conditions for all GPS/RNAV equipped aircraft: 

a. Confirm aircraft is operating in the proper mode – en route, terminal 
within 30  miles of destination, or approach mode within 2 miles of FAF. 

 b. Verify proper indication of course line for required accuracy. 
 Many units go from white to magenta on the course if all conditions are 
correct. 
 
1.  Fully automated FMS/FMC with LNAV/VNAV [example; NextGen 737-700, 
800, 900 with Smiths FMS]:  The aircraft is on course inbound, during the 
turn, and in the descent at the bisector, as the aircraft transitions from the 
inbound segment to the next published track. 
 
Other conditions: 
 1. The aircraft is past the flyby point bisector. 
 2. RNP/ANP values are confirmed within parameters for the appropriate 
segment. 
 3. Actual cross track is confirmed to be as commanded by the FMS/NAV 
system. 
 
2.  Partially automated FMS/FMC with LNAV/VNAV but not VTS equipped:  
The aircraft is on course inbound, also during the turn, and in the descent at 
the bisector, if the pilot operates the system to properly follow command bars 
[or command lines], and manages descent to begin after crossing the 
bisector.  If following commands properly, Those FMS commands will roll the 
aircraft out of the turn on course, with aircraft positioned on the course center 
line. 
 
3.  PART 23 Aircraft RNAV/GPS presentations without the above types of 
automation:  The aircraft is on course inbound while the CDI is within ½ scale 
full deflection.  The pilot should use normal lead points (anticipatory turns) for 
making a fly-by turn, and is on course for the next segment when the aircraft 
is within ½ scale deflection of course being centered.  For this type of system, 
descent to a new authorized altitude should be begun when on course on the 
new segment." 

 
Several comments followed the presentation.  Mike Frank, AJT-28, asked whether Part 23 
operators that are not auto-pilot equipped were considered.  Bruce responded that he 
needed feedback from part 23 operators as lower end systems function differently.  He 
believes high-end avionics systems are OK with pilot confirmation.  Steve Serur, ALPA, 



asked whether all operators use the same scale.  Rich Boll, NBAA, confirmed that FAA Certification 
(AIR)  needed to weigh in and criteria must be established for scaling.  Al Herndon, MITRE, noted 
that the paper he presented at the last meeting contradicted some of Bruce's assumptions.  A full 
functioning Flight Management Computer (FMC) will begin descent to meet a required altitude at 
the bisector, not wait until the bisector to initiate descent.  If a subsequent waypoint specifies a 
lower crossing altitude, the FMC will not begin descent at the previous waypoint, rather it will 
compute a start descent point to accommodate the next lower altitude.  participants are encouraged 
to provide feedback to Bruce at bruce.mcgray@faa.gov.  AFS-410/470 will jointly evaluate feedback 
and develop AIM/AIP guidance for ACF-IPG consideration.  ACTION: AFS-410 and AFS-470. 
                
 
MEETING 10-02:  John Blair, AFS-410, briefed that work is continuing; however, progress has 
been slowed due to medical issues involving Bruce McGray, the staff specialist assigned the issue.  
Bruce is still on medical leave and will re-energize the issue with AFS-470 upon his return.  
ACTION: AFS-410 and AFS-470. 
                
 
MEETING 11-01:  Bruce McGray, AFS-410, briefed that all comments are in and AFS-470 is 
finalizing the AIM language.  It is expected to be submitted in August for publication in February 
2012.  ACTION: AFS-410 and AFS-470. 
               
 
MEETING 11-02:  Kel Christianson, AFS-470 briefed that the following was submitted for 
publication on July 21, 2011 and will be published in the February, 2011 AIM: 
 

New AIM paragraph (either 5-5-16a,11 or 5-5-16b): 
 
11. Definition of “established” for RNAV and RNP operations.   
An aircraft is considered to be established on-course during RNAV and RNP operations anytime it 
is within 1 times the required accuracy for the segment being flown. For example, while operating 
on a Q-Route (RNAV 2), the aircraft is considered to be established on-course when it is within 2 
nm of the course centerline. 
 
NOTE:  Pilots must be aware of how their navigation system operates, along with any AFM 
limitations, and confirm that the aircraft’s lateral deviation display (or map display if being used as 
an allowed alternate means) is suitable for the accuracy of the segment being flown.  Automatic 
scaling and alerting changes are appropriate for some operations. For example, TSO-C129 
systems change within 30 miles of destination and within 2 miles of FAF to support approach 
operations. For some navigation systems and operations, manual selection of scaling will be 
necessary. 
 
(a)  Pilots flying FMS equipped aircraft with barometric vertical navigation (Baro-VNAV) may 
descend when the aircraft is established on-course following FMS leg transition to the next 
segment. Leg transition normally occurs at the turn bisector for a fly-by waypoint (reference 
paragraph 1-2-1 for more on waypoints).  When using full automation, pilots should monitor the 
aircraft to ensure the aircraft is turning at appropriate lead times and descending once established 
on-course. 
  
(b) Pilots flying TSO-C129 navigation system equipped aircraft without full automation should use 
normal lead points to begin the turn.  Pilots may descend when established on-course on the next 
segment of the approach. 

 
AFS-470 to track change until published.  ACTION:  AFS-470. 



MEETING 12-01:  Kel Christianson, AFS-470, briefed that the change as agreed to by 
consensus of the ACF and described in the minutes of meeting 11-02 was published in the 
February 9, 2012 AIM as new paragraph 5-5-16a-11.  Kel recommended the issue be closed 
and the group agreed.  Item CLOSED  
 




